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Cell communication modulates numerous biological processes including proliferation, apoptosis, motility, invasion and differentiation. [1] [2] [3] Correspondingly, there has been significant interest in the development of surface display strategies for the presentation of signaling molecules to living cells. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] This effort has primarily focused on naturally surface-bound ligands, such as extracellular matrix components and cell membranes.
Soluble ligands (e.g. growth factors and cytokines) play an important role in intercellular communications [14] , and their display in a surface-bound format would be of great utility in the design of array-based live cell assays. Recently, several cell microarray systems that display cDNA, RNAi, or small molecules in a surface array format were proven to be useful in accelerating high-throughput functional genetic studies and screening therapeutic agents. [15] [16] [17] These surface display methods Herein we report a ligand-modified fluid supported lipid bilayer (SLB) [5, 10, [18] [19] [20] [21] [22] assay system that can be used to functionally display soluble ligands to cells in situ ( Figure 1A ).
By displaying soluble ligands on a SLB surface, both solution behavior (the ability to become locally enriched by reactiondiffusion processes) and solid behavior (the ability to control the spatial location of the ligands in an open system) could be combined. The method reported herein benefits from the naturally fluid state of the supported membrane, which allows surfacelinked ligands to diffuse freely in two dimensions. Ligands can become reorganized beneath cells, by reaction-diffusion processes, and may also adopt spatial configurations reflecting those of their cognate receptors on the cell surface ( Figure 1B ). This provides a significant benefit over conventional cell signaling and culturing systems [6, 7, 11, 23] that present inflexible distributions of signaling molecules. In this study, we observe marked differences in the response of cells to membrane surface displayed soluble ligands as a function of membrane fluidity.
Tethering of soluble signaling molecules to fluid supported membranes opens up opportunities to use already developed membrane fabrication technologies [5, 10, [18] [19] [20] [21] [22] to present soluble components within a surface array format.
We chose epidermal growth factor (EGF) and the EGF-receptor tyrosine kinase (EGFR) as a prototypic signaling system to evaluate the SLB platform. EGFR is a member of the type-I (ErbB) 3 receptor tyrosine kinases (RTKs) and is activated by a number of ligands from the EGF family. [24] [25] [26] This results in receptor dimerization and a cascade of signaling events culminating in a number of biologic end points including proliferation. [26, 27] The design of an EGF-modified fluid SLB (EGF-SLB) assay is outlined in Figure 1B . To measure the fluidity of lipid bilayers (DMOPC, 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine) with and without substrate-bound EGF, a focal region of the membrane was To understand the temporal and spatial kinetics of the EGF-EGFR interaction, time-lapse experiments were employed to observe cell attachment to the EGF-SLB and subsequent EGF localization.
This dynamic interaction was monitored using bright field microscopy to image cells and epifluorescent microscopy to image the EGF-coupled Alexa Fluor 647 ( Figure 3 ). Cells were observed to weakly adhere to the surface as early as 80 min post plating.
At this time, EGF was still randomly distributed across the surface. By 100 min, EGF molecules were observed to cluster into 6 small focal points, which increased in size in a temporal fashion.
These small clusters began to form larger clusters at around 150 min ( Figure 3A ). After 20 hr, a cell is spreading and adhered to the surface with many distinctive EGF clusters ( Figure 3B ). These clusters are reminiscent of focal adhesions required for cellattachment to substratum. Since these EGF clusters appear to lie partially out of the supported membrane plane, as determined by focusing the microscope at different positions, we suspect that these clusters could be endocytosed EGFRs with bound EGFs and fluorophore labels. Since natural trigger of EGFR by EGF is followed by endocytosis, we interpret this observation as further support of signaling functionality of membrane-tethered EGF. It should also be noted that cells cannot apply tensile forces to membrane adhesion sites; the fluid membrane will simply flow under such forces. [5] The stretched cell attachment phenotype Clustering of EGFR on the cell surface is a pre-requisite for signal activation by ligand binding and is dependent on ligand diffusion across the SLB. [26, 27] Therefore we hypothesized that fluidity of membrane-tethered EGF would facilitate this process.
To test this hypothesis, we directly compared the DMOPC-based In summary, we have demonstrated the utility of fluid SLBs for the presentation of soluble signaling ligands to cells in culture.
We found that membrane-tethered EGF is sufficient to promote cell adhesion and the fluidity of membrane-tethered ligands enhances its efficacy. Dynamic local enrichment of EGF molecules by 
Experimental Section
EGF-Modified SLB was fabricated with the following procedures.
First, biotinylated lipid vesicles along with NBD-modified vesicles have been prepared using existing methods. [18] [19] [20] 22] In short, the desired lipids were dissolved in chloroform, and then the chloroform was evaporated using a rotary evaporator. The For the studies using DPPC, the initial lipid concentrations of the vesicles were 3 % biotin-modified DPPE, 2 % NBD-modified PC, and 95 % DPPC. After extruding through 100 nm-sized pore filters, the vesicles were extruded through 30 nm-sized pore filters so they would be smaller and easier to rupture. Before rupturing the vesicles, they were heated to 50 o C, as was the spreading solution and the NaCl salt solution. The piranha-etched microscopic cover glass was also heated above 50 o C. All of these heating steps were required to ensure the lipids were in the fluid phase while the bilayer was being formed. All other steps remained the same as when using DMOPC.
A human breast epithelial cell line, MCF-10a, was cultured in serum-rich media consisting of DMEM/F-12 media (GIBCO, Invitrogen
Corp., Carlsbad, CA), hydrocortisone (500 ng/mL), horse serum (5% vol/vol), bovine insulin (0.01 mg/mL), and EGF (20 ng/mL). The day of the experiments, they were treated with trypsin-EDTA, washed twice with 1x PBS, centrifuged, and 3x10 5 of the cells were re-suspended in 1 mL for each experiment. These 1 mL aliquots were then incubated in a 37 o C water bath until they were added to the EGF-SLB. For the studies with Tarceva TM and mAb225, the cells were incubated with either Tarceva TM or mAb225 13 for 45 minutes in a 37 o C water bath before being added to the EGF-SLB. All other steps were as before.
For the studies to count cells adhered to EGF-SLBs, the initial lipid concentrations were as before, but with an additional 2 % of the primary lipid constituent substituted for 2 % NBD-PC (3 % biotin-modified DPPE and 97 % DMOPC or DPPC).
After the 20-hour incubation of the cells on the EGF-SLBs, the chamber was washed three times with DMEM/F-12 media as before, to remove non-adhered cells. Then the cells were stained with
Hoechst 33342 (100 µl at 1 µg/ml) for 10 minutes and the chamber was washed four more times with DMEM/F-12 media to remove any unbound Hoechst 33342. Then the cells were imaged using bright field and epifluorescence microscopy.
We used a TE300 Nikon inverted microscope with a mercury arc lamp for epifluorescence illumination and a 100 W halogen lamp for bright field illumination. Figure 3A was 
